The endogenous retroviral envelope glycoprotein, gp70, implicated in murine systemic lupus erythematosus (SLE), has been considered to be a product of xenotropic, polytropic (PT) and modified PT (mPT) endogenous retroviruses. It is secreted by hepatocytes like an acute phase protein, but its response is under a genetic control. Given critical roles of TLR7 and TLR9 in the pathogenesis of SLE, we assessed their contribution to the acute phase expression of serum gp70, and defined a pivotal role of the Sgp3 (serum gp70 production 3) and Sgp4 loci in this response. Our results demonstrated that serum levels of gp70 were up-regulated in lupus-prone NZB mice injected with TLR7 or TLR9 agonist at levels comparable to those induced by injection of IL-1, IL-6 or TNF. In addition, studies of C57BL/6 Sgp3 and/or Sgp4 congenic mice defined the major roles of these two loci in up-regulated production of serum gp70 during acute phase responses. Finally, the analysis of Sgp3 congenic mice strongly suggests the presence of at least two distinct genetic factors in the Sgp3 interval, one of which controlled the basal-level expression of xenotropic, PT and mPT gp70 and the other which controlled the up-regulated production of xenotropic and mPT gp70 during acute phase responses. Our results uncovered an additional pathogenic role of TLR7 and TLR9 in murine lupus nephritis by promoting the expression of nephritogenic gp70 autoantigen. Furthermore, they revealed the involvement of multiple regulatory genes for the expression of gp70 autoantigen under steady-state and inflammatory conditions in lupus-prone mice.
Introduction
Relatively large amounts of the envelope glycoprotein, gp70, of endogenous retroviruses circulate free from any association with viral particles in the blood of virtually all strains of mice [1] [2] [3] . The demonstration of retroviral gp70 in immune deposits within diseased glomeruli of mice with systemic lupus erythematosus (SLE) indicates the pathogenic role of gp70-anti-gp70 immune complexes (gp70 IC) in the development of lupus nephritis [4, 5] . Notably, only lupus-prone (NZB × NZW)F1, MRL and BXSB mice spontaneously develop autoantibodies against serum gp70, detected as gp70 IC, and appearance and amounts of gp70 IC closely parallel the course of disease in each lupus-prone mouse [6] [7] [8] .
Endogenous retroviruses are classified as ecotropic, xenotropic or polytropic according to the host range dictated by their respective envelope gp70 proteins [9] . Furthermore, based on differences in their gp70 nucleotide sequences [9, 10] , the polytropic proviruses have been divided into two subgroups, termed polytropic (PT) and modified PT (mPT). Serological and tryptic peptide mapping analysis showed that the serum gp70 molecule most closely resembles, but is not identical to the gp70 protein of xenotropic viruses isolated from NZB mice [3, 11] . Recent analysis of the abundance of retroviral gp70 RNAs in different strains indicated that PT and mPT proviruses that encode gp70s closely related to xenotropic gp70 are additional important sources of serum gp70 [12] .
Serum retroviral gp70 is secreted by hepatocytes in the blood circulation [13] , and its expression is controlled by multiple structural and regulatory genes [12, 14] . Genetic studies identified at least two loci, Sgp3 (serum gp70 production 3) on mid chromosome 13 and Sgp4 on distal chromosome 4, which control basal serum levels of gp70 [8, [15] [16] [17] [18] [19] [20] through the transcriptional regulation of multiple endogenous retroviral proviruses [12] . Significantly, the expression of serum gp70 corresponds to that of acute phase proteins, in which it is enhanced by agents, such as LPS, polyriboinosinic-polyribocytidylic acid or turpentine oil, with kinetics identical to those of acute phase proteins [13] . However, this response is strain-dependent, in which only mice having high basal levels of serum gp70 displayed an up-regulated expression of serum gp70 in response to LPS [13, 14, 21] . Increases in serum levels of gp70 in Sgp3 congenic mice injected with LPS suggest that the Sgp3 locus contributed to LPS-induced enhanced production of serum gp70 [12, 18] . However, it has not yet been determined if the basal-level expression of serum gp70 and the LPS-mediated enhanced production of serum gp70 are co-regulated by the same genetic element present in the Sgp3 locus or by different genes in the interval.
Toll-like receptors (TLRs) are a family of germ-line encoded receptors that recognize a diverse range of conserved molecular motifs commonly found in microbial pathogens. Recognition of microbial components by TLR is critical in host responses against pathogens [22] . Three TLRs act as receptors for nucleic acids in mice: TLR3 for double-stranded RNA, TLR7 for single-stranded RNA and TLR9 for unmethylated CpG DNA. Notably, nucleic acids can act as endogenous ligands for TLR7 and TLR9 [23] , which both contribute to the development of autoimmune responses against nuclear autoantigens as well as serum retroviral gp70 in murine SLE [24] [25] [26] [27] . Injection of TLR agonists, LPS for TLR4 and polyriboinosinic-polyribocytidylic acid for TLR3, induced high serum levels of gp70 in lupus-prone mice [13] . Similarly, the activation of TLR7 and TLR9 by apoptotic cells accumulated in lupus-prone mice or IgG IC containing nucleic acids might boost the production of serum gp70 during the course of the disease, thereby further accelerating the progression of lupus nephritis.
In the present study, we have implicated TLR7 and TLR9 in the production of serum gp70, and defined the contribution of the Sgp3 and Sgp4 loci to the acute phase response of serum gp70. Our results demonstrated that the stimulation of TLR7 and TLR9 enhanced the production of serum gp70, and that the Sgp3 and Sgp4 loci synergistically contributed to the LPS-induced serum gp70 response. Furthermore, the analysis of mPT transcripts in Sgp3 congenic mice provided evidence that the gene involved in the LPS-induced up-regulated transcription of mPT proviruses was distinct from that controlling the basal-level expression of xenotropic, PT and mPT proviruses. This strongly suggested the presence of multiple genes in the Sgp3 locus regulating the expression of different classes of endogenous retroviruses under physiological or inflammatory condition.
Materials and methods

Mice
NZB and BXSB mice were purchased from the Jackson Laboratory (Bar Harbor, ME). B6.NZB-Sgp3 (B6.Sgp3) and B6.NZB-Sgp4 (B6.Sgp4) congenic mice were generated by backcross procedures, as described previously [12, 16] . B6 mice double congenic for both Sgp3 and Sgp4 loci (B6.Sgp3/4) were generated by intercrossing F1 progeny from B6.Sgp3 and B6.Sgp4 mice, using marker-assisted selection for the NZB-derived Sgp3 and Sgp4 intervals, as described previously [12] . All studies presented were carried out in female mice. Animal studies described in the present study have been approved by the Ethics Committee for Animal Experimentation of the Faculty of Medicine, University of Geneva.
Injection of TLR agonists or cytokines
TLR4 agonist, LPS from Escherchia coli 0111:B4 (Sigma-Aldrich, Saint Louis, MO), TLR7 agonist, 1V136 [28] (TLR7 Ligand II, Calbiochem, EMD Chemicals Inc., Darmstadt, Germany), TLR9 agonist, CpG-containing oligonucleotides (Type B CpG 1018; a kind gift of Dr. Eyal Raz, UCSD, San Diego, CA) or different cytokines were diluted to the desired concentrations with sterile PBS and i.p injected into 2-3 mo-old NZB, BXSB and B6 female mice. Recombinant human IL-1β, IL-6, TNFα and IFNβ were kindly provided by Dr JeanMichel Dayer, University of Geneva, Switzerland. Livers and sera were collected 9 h after injection of LPS (25 μg), 1V136 (50 μg), CpG (50 μg), IL-1β (1 μg), IL-6 (5 μg), TNFα (5 μg), IFNβ (5 μg) or PBS.
Serological assays
Serum levels of retroviral gp70 from 2-3 mo-old female mice were determined by ELISA, as described previously [29] . Results are expressed as μg/ml of gp70 by referring to a standard curve obtained with a serum pool from NZB mice containing a known concentration of gp70.
Quantitative real-time RT-PCR
RNA from livers was purified with TRIzol reagent (Invitrogen AG, Basel, Switzerland) and treated with DNase I (Amersham Biosciences Corp., Piscataway, NJ). The abundance of xenotropic, PT and mPT env RNAs (genomic RNA and mRNA) was quantified by real-time RT-PCR, as described previously [30] . For the amplification of xenotropic gp70 cDNA, Xeno1098F forward and Xeno1298R reverse primers were used. For PT and mPT gp70 cDNA, a common PT/mPT730F forward primer, and PT892R and mPT880R reverse primers specific for PT and mPT viruses, respectively, were used. The two different deletion mutants (D1 and D2) env cDNAs were amplified using the following primers: mPT1115F forward and D1-R reverse primers for the D1 mutant; mPT1317F forward and D2-R reverse primers for the D2 mutant, as described [30] . Haptoglobin and arginine/serine-rich coiledcoil 1 (Rsrc1) mRNA levels were quantified using the following primers: haptoglobin; forward primer (5′-TGAACACAGTCGCTGGAGAG-3′) and reverse primer (5′-GCTGCCTTTGGCATCCATAG-3′), and Rsrc1; forward primer (5′-GCCACCCTGGTAGAACAAGTC-3′) and reverse primer (5′-GCACTTCACTTGGTTCTACTGC-3′). PCR was performed using the iCycler iQ RealTime PCR Detection System (Bio-Rad, Philadelphia, PA) and iQ SYBR green Supermix (Bio-Rad). Results were quantified using a standard curve generated with serial dilutions of a reference cDNA preparation from NZB or BXSB liver and normalized using TATAbinding protein (TBP) mRNA.
RT-PCR
The gp70-p15E junction region of mPT env cDNAs was amplified with mPT-specific mPT858F gp70 forward primers and a common p15E-R reverse primer, as described [30] . For the amplification of wild-type (WT) and two deletion mutants (D1 and D2) of mPT env RNAs, an mPT858F forward primer and reverse primers specific for WT (mPT1447R) or deletion mutants (D1-R and D2-R) were used. Using these sets of primers, the abundance of three different species of mPT env RNAs was semi-quantified with 4-fold serially diluted cDNA templates. As a control, the abundance of GAPDH cDNA was semi-quantified. PCR products were visualized by staining with ethidium bromide after electrophoresis on 3.5% polyacrylamide or 2% agarose gels. Quantification was performed by densitometric analysis on the gels with the use of the ImageJ analysis program, and results of the intensity at each dilution of cDNAs are expressed as arbitrary units.
Statistical analysis
Unpaired comparison for hepatic levels of different RNAs, and paired comparison for serum levels of gp70 before and after injection of LPS were analyzed by Student's t test. Probability values <5% were considered significant.
Results
Increased levels of serum gp70 and hepatic gp70 RNAs in NZB mice after injection of 1V136, CpG or LPS
Injection of the TLR4 ligand, LPS, into lupus-prone NZB, NZW, BXSB and MRL mice promotes the production of serum gp70 [12] [13] [14] . In view of the critical involvement of TLR7 and TLR9 in the pathogenesis of SLE [24] [25] [26] [27] , we investigated whether the stimulation of TLR7 and TLR9 could enhance the production of serum gp70 in NZB mice. 9 h after injection of 50 μg of TLR7 agonist, 1V136, or TLR9 agonist, CpG, NZB mice displayed significant 3.2-and 4.6-fold increases of serum concentrations of gp70, respectively (P < 0.001), as compared with preinjection levels (Table 1) . Time course studies confirmed that kinetics of the serum gp70 response elicited by 1V136 or CpG were comparable to that induced with LPS (data not shown). We quantified the changes in abundance of xenotropic, PT and mPT retroviral gp70 RNAs in livers after injection of 1V136 or CpG, in comparison with those after injection of LPS. Injection of 1V136 or CpG in NZB mice led to substantial up-regulation of xenotropic gp70 RNA levels (P < 0.0001), which were similar to those observed in LPS-injected NZB mice ( Table 2 ). As noted previously [12] , NZB mice treated with LPS also displayed modest increases in mPT gp70 RNA (P < 0.0005), while no statistically significant elevation of mPT gp70 RNA was observed in mice administered with 1V136 or CpG. In contrast, levels of PT gp70 RNA was not up-regulated in NZB mice injected with 1V136, CpG or LPS. Notably, the injection of either TLR agonist induced 5-6-fold increases in hepatic haptoglobin mRNA levels (P < 0.0001). It should be also stressed that the injection of 1V136 or CpG failed to enhance serum levels of gp70 in B6 mice having low serum levels of gp70 (data not shown), as in the case of B6 mice injected with LPS [13, 14] .
Increased levels of serum gp70 and hepatic gp70 RNAs in NZB mice after injection of IL-1β, IL-6 or TNFα
The effect of IL-1, IL-6 and TNF on the production of serum gp70 in NZB mice was next assessed, as these cytokines are well known inducers for acute phase proteins in the liver. Consistent with the idea that serum gp70 behaves as an acute phase protein, NZB mice displayed significant 2-3-fold increases in serum concentrations of gp70 9h after injection of recombinant human IL-1β (1 μg), IL-6 (5 μg) or TNFμ (5 βg) (IL-1β, P < 0.005; IL-6, P < 0.005; TNFα, P < 0.001; Table 3 ). These increases paralleled 3.3-to 4.5-fold up-regulation of xenotropic gp70 RNA levels (P < 0.0005 for all three cytokines) in livers of NZB mice (Table 4 ). In contrast, no statistically significant increases in the abundance of PT and mPT gp70 RNAs were observed after injection of the cytokines. As expected, the injection of these three inflammatory cytokines induced substantial increases in hepatic haptoglobin mRNA levels (IL-1β, P < 0.05; IL-6, P < 0.05; TNFα, P < 0.01). Notably, the extent of elevation in haptoglobin mRNA induced by each cytokine was essentially identical to that observed for xenotropic gp70 RNA.
The stimulation of plasmacytoid dendritic cells by TLR7 and TLR9 is known to trigger the secretion of relatively large amounts of type I interferon [31] . Therefore, we assessed the possible effect of IFNβ on the stimulation of serum gp70 production. Injection of recombinant human IFNβ (5 μg) failed to increase the synthesis of serum gp70 and the abundance of hepatic retroviral gp70 RNAs and haptoglobin mRNA in NZB mice (Tables 3  and 4 ). This finding indicated that the increase in the synthesis of serum gp70 corresponds to an acute phase response rather than a secondary response to IFNβ.
Synergistic effect of the Sgp3 and Sgp4 loci to LPS-induced up-regulated expression of serum gp70 in B6 mice
Earlier studies indicated that LPS-induced serum gp70 responses were strain-dependent [14] . Studies with B6.Sgp3 and B6.Sgp4 congenic mice have shown only modest (~2-fold) increases of serum gp70 in response to LPS [12, 18] . As basal serum levels of gp70 are regulated by multiple genes, it may be possible that stronger serum gp70 responses upon the injection of LPS might be elicited through the combination of Sgp3 and Sgp4 acting synergistically. To address this question, we generated B6.Sgp3/4 double congenic mice and assessed their ability to produce serum gp70 in response to LPS. When compared to B6 and B6 mice congenic for only the Sgp3 or Sgp4 locus, untreated B6.Sgp3/4 mice had substantially higher basal levels of serum gp70. Basal levels observed for the B6.Sgp3/4 mice were 14.9-, 3.6-and 2.0-fold higher than those observed with B6 (P < 0.0001), B6.Sgp4 (P < 0.0005) and B6.Sgp3 (P < 0.01) mice, respectively (Table 5) . Injection of LPS led to a greater increase in serum concentrations of gp70 in B6.Sgp3/4 congenic mice than increases observed with B6 mice congenic for either Sgp3 or Sgp4 alone (B6.Sgp3, P < 0.005: B6.Sgp4, P < 0.0005; Table 5 ). Notably, mean increases in serum gp70 concentrations after injection of LPS in double congenic mice (96.1 μg/ml) were 3.2 times more than added values obtained by these two single congenic mice (29.7 μg/ml). These data indicated that Sgp3 and Sgp4 synergistically acted to promote the production of serum gp70 in response to LPS.
Differential effect of TLR agonists or inflammatory cytokines on the abundance of three different species of mPT env RNAs in NZB, BXSB and B6.Sgp3 mice
We have recently shown the presence in B6 mice of not only intact WT mPT env transcripts but also two defective (D1 and D2) mPT env transcripts which carry a deletion in the env sequence [30] . Furthermore, all four lupus-prone mice (NZB, NZW, BXSB and MRL) predominantly expressed WT mPT env transcripts rather than the defective env transcripts. Since the Sgp3, but not Sgp4 locus derived from lupus-prone mice was responsible for the selective expression of the WT mPT env RNA, we examined LPS-induced increases in mPT env RNA levels to determine if the up-regulation was restricted only to proviruses carrying WT mPT env genes. The abundance of the two defective (D1 and D2) and the WT mPT env RNAs were semi-quantified by RT-PCR specific for the three different mPT env sequences in BXSB as well as NZB mice, as only BXSB mice carry the D2 mutant provirus and express D2 mPT env transcripts among four different lupus-prone mice [30] . The use of semi-quantified RT-PCR was necessary since we are unable to design real-time RT-PCR primers specific for WT mPT env cDNA due to the remarkable homology in the gp70-p15E junction region between mPT and PT env genes [30] . The analysis with serially diluted cDNA samples from NZB and BXSB mice injected with LPS showed moderate and robust increases in WT and D1 mPT env RNAs, respectively, as compared to PBS-injected mice ( Fig. 1 and Table S1 ). In contrast, no appreciable increases in D2 mPT env RNA were observed in BXSB mice.
Semi-quantitative RT-PCR analysis suggested that injection of LPS in NZB and BXSB mice more efficiently induced transcription of the D1 mPT env gene than those of WT mPT env genes. Indeed, real-time RT-PCR analysis confirmed 12.0-and 15.4-fold increases in D1 mPT env RNA levels in NZB and BXSB mice, respectively (Table 6 ). These results contrasted to only 3-fold increases in the abundance of total mPT env RNAs, which include WT, D1 and D2 transcripts, and no changes in the levels of D2 mPT env RNA. Notably, similar results were obtained in LPS-injected B6.Sgp3 congenic mice, while levels of the three mPT env transcripts were not elevated in B6 mice in response to LPS (Table 6 ). These results indicated that LPS induction influenced the expression of each of these transcripts in distinct manners with strong, modest and no up-regulated expression of D1, WT and D2 mPT proviruses, respectively, in mice bearing the Sgp3 locus derived from lupus-prone mice. This contrasted to the selectively increased expression of WT mPT env gene by Sgp3 observed under steady-state condition [30] . It was further confirmed that injection of 1V136, CpG and inflammatory cytokines (IL-1β, IL-6 and TNFα) resulted in 3.5-to 10.0-fold elevation of D1 env RNA levels in livers of NZB mice (Fig. 2) .
The markedly enhanced levels of D1 mPT env RNA in NZB, BXSB and B6.Sgp3 mice during acute phase responses can be due to a unique integration site of this particular provirus. BLAST search analysis revealed that the D1 mPT mutant provirus is integrated in the right transcription direction within the 4th intron of the Rsrc1 (arginine/serine-rich coiled 1) gene in B6 chromosome 3. However, the levels of Rsrc1 mRNA were comparable in livers of untreated B6 and B6.Sgp3 mice (means of 3 mice ± SD: B6, 0.77 ± 0.13; B6.Sgp3, 0.85 ± 0.23), and the injection of LPS failed to enhance, but rather down-regulated levels of Rsrc1 mRNA in these mice (means of 3 mice ± SD: B6, 0.27 ± 0.06; B6.Sgp3, 0.32 ± 0.04). These results thus argued against the possibility that the enhanced expression of the D1 mPT env gene in LPS-injected B6.Sgp3 mice was a result of co-regulated transcription of the LPS-responsive host gene, in which the D1 provirus is integrated.
Discussion
Endogenous retroviral gp70 has been shown as one of the major nephritogenic autoantigens in murine SLE. Its expression is under a polygenic control and regulated by inflammatory stimuli, as it behaves as an acute phase protein. In the present study, we have shown that TLR7 and TLR9 were also involved in the enhanced production of serum gp70 during acute phase responses. In addition, our results demonstrated that the Sgp3 and Sgp4 loci play critical roles in up-regulated expression of serum gp70 under inflammatory conditions as well as in its steady-state expression. Moreover, analysis of B6.Sgp3 congenic mice revealed that the Sgp3 locus contains at least two distinct genetic factors; one of which controls the basal-level expression of serum gp70 and the other the up-regulated production of serum gp70 during systemic inflammation.
Induction of high serum levels of gp70 in NZB mice injected with TLR7 and TLR9 agonists (1V136 for TLR7 and CpG for TLR9) is likely to be mediated by cellular and molecular mechanisms responsible for the induction of acute phase responses in livers, based on the following findings. First, levels of serum gp70 and of hepatic haptoglobin mRNA in NZB mice injected with 1V136 or CpG were similarly up-regulated, as in the case of NZB mice injected with IL-1β, IL-6 and TNFα, known to be a potent inducer of acute phase responses. Second, kinetics of serum gp70 responses induced by 1V136 or CpG was essentially identical to that induced by LPS or IL-1β. Notably, activation of TLR7 and TLR9 in monocytes/macrophages induced the secretion of IL-6 and TNFα [32, 33] , while no serum gp70 or haptoglobin responses were induced by the type I interferon, which is a unique cytokine abundantly secreted by plasmacytoid dendritic cells upon stimulation of TLR7 or TLR9. Furthermore, the pattern of up-regulated expression of three different classes of endogenous retroviral gp70 RNAs in NZB mice injected with 1V136 or CpG was essentially identical to that observed after injection of inflammatory cytokines. As discussed previously [12] , the lack of up-regulated expression of PT proviruses can be in part related to the absence of an IL-6-responsive element (IL6-RE), common to genes encoding acute phase protein [34] , in the U3 regulatory region of the long terminal repeat (LTR). In addition, higher responses of xenotropic gp70 RNA can be explained by the presence of NF-kBbinding motif in the U3 region of xenotropic viruses [35] , as NF-kB is involved in one of the several distinct signaling pathways leading to the synthesis of acute phase proteins [36] .
It should be stressed that as in the case of LPS-induced gp70 responses, 1V136-and CpGinduced gp70 responses were also strain-dependent, as B6 mice having low serum levels of gp70 failed to display any increases in serum gp70 after injection of either 1V136 or CpG. Because of only modest gp70 responses in B6.Sgp3 and B6.Sgp4 single congenic mice injected with LPS [12] , it was considered that the contribution of the Sgp loci to LPSinduced serum gp70 responses was relatively limited. However, substantial, synergistic increases in serum levels of gp70 in B6.Sgp3/4 double congenic mice injected with LPS indicated that the Sgp loci do play a major role in the up-regulated expression of serum gp70 during acute phase responses. Notably, serum levels of gp70 in LPS-injected B6.Sgp3/4 mice were comparable to those observed with LPS-injected BXSB mice and even higher than those of LPS-injected MRL mice [12, 14] . However, increases in serum gp70 were still less than those in LPS-injected NZB and NZW mice.
Basal levels of serum gp70 in B6.Sgp3/4 congenic mice were comparable to those of BXSB and MRL mice, but still lower than those in NZB and NZW mice. This could be accounted for if NZB and NZW mice carry an additional Sgp locus. Indeed, the genetic analysis involving BALB/c mice revealed a strong linkage of serum gp70 levels with a locus on proximal chromosome 12 of both NZB and NZW mice [20] . Preliminary studies in B6 mice bearing the proximal chromosome 12 interval derived from NZB mice showed modest, but significant increases in serum gp70, similar to those observed in BALB/c mice congenic for this putative Sgp locus derived from NZW mice [20] . The involvement of multiple loci in the up-regulated expression of serum gp70 during acute phase responses is consistent with the finding that the extent of serum gp70 responses after injection of LPS was highly variable among different strains of mice [14, 21] .
Strikingly, the analysis of three different species of mPT env RNAs in NZB, BXSB and B6.Sgp3 mice revealed that inducers of acute phase responses up-regulated the abundance of the D1 mPT env RNA more strongly than that of WT mPT env RNA, and that levels of D2 mPT env RNA were not modulated. This suggested that the expression of only a fraction of mPT proviruses was selectively enhanced during the acute phase response. BLAST search analysis revealed the presence in the B6 genome of 11 mPT proviruses carrying the WT env gene, in addition to the D1 and D2 mPT proviruses on chromosome 3 and 5, respectively. Notably, the presence of the IL6-RE is not a determinant of the differential expression we have observed, since this motif is conserved in the U3 sequence of all mPT proviruses, including the D2 mPT provirus, present in B6 mice. However, we noted considerable microheterogeneity in their U3 sequences. Notably, the D1 mutant carries two unique mutations in the U3 regulatory region [30] : a substitution of G (guanine) with A (adenine) in an SV40 core-like motif (GTGATCA instead of GTGGTCA) and an insertion of T (thymine) in the UCR (upstream conserved region), which negatively regulates the expression of endogenous retroviruses [37] . It remains to be determined whether these two mutations contribute to the up-regulated transcription of the D1 mPT provirus by the presence of inflammatory stimuli. Alternatively, the site of integration of mPT proviruses may play a critical role in these responses. This possibility seems unlikely for the D1 mPT provirus, since we observed that LPS failed to enhance the expression of the Rsrc1 gene which contains the D1 mPT provirus in the correct orientation. Another plausible explanation is that the enhancer element(s) of the U3 region, implicated in the increased expression in response to inflammatory stimuli, may be selectively methylated in certain proviruses, as the expression of retroviral sequences is strongly affected by the state of DNA methylation [38] [39] [40] .
In contrast to the enhanced expression of the D1 mPT env RNA in LPS-injected B6.Sgp3 congenic mice, the basal-level expression of this transcript was the same as in WT B6 mice [30] . Since D1 mPT env RNA levels were enhanced in B6.Sgp3, but not in WT B6 mice following injection of LPS, the Sgp3 locus by itself is responsible for LPS-induced increases in this transcript. Thus, the simplest explanation would be that the Sgp3 locus harbors at least two distinct genetic elements, which control respectively the basal-level transcription of xenotropic, PT and mPT retroviral sequences and the up-regulated expression of xenotropic and mPT retroviral sequences during acute phase responses. In view of the remarkable differences in the U3 region of LTR among xenotropic, PT and mPT retroviruses [35] , the presence of several genetic factors which differentially control the expression of individual classes of retroviruses under steady-state or inflammatory condition might not be surprising. In this regard, it is noteworthy that the Gv1 locus derived from the 129 strain was reported to regulate the transcription of PT, but not mPT proviruses [41] , and that Gv1 controls the expression of gp70 in a semi-dominant fashion [42] . Consistent with these findings, our on-going studies on Sgp3 homozygous and heterozygous mice revealed that the basal-level expression of xenotropic, PT and mPT viral sequences was regulated in a dominant, semi-dominant and recessive manner, respectively. All these data underline the complexity for the genetic control of the expression of different classes of endogenous retroviruses in mice.
Our on-going studies have narrowed down the Sgp3 locus within a ~9.0 Mb NZB interval flanked by markers D13Mit283 (63.4 Mb from the centromere) and D13Mit26 (72.4 Mb). Notably, this region contains approximately 20 Zfp genes, which encode KRAB (Krüppel-associated box) zinc-finger proteins, but the target genes regulated by most of these Zfp genes are still unknown [43] . The KRAB transcription repressor domain has been shown to suppress lentivirus proviral transcription by inducing heterochromatization in the lentiviral integration sites [44] . More recently, it has also been shown that ZFP809 recognizes integrated retroviral DNAs and silences them through the recruitment of TRIM28 (tripartite motif-containing 28) in embryonic stem cells [45] . Thus, it may be possible that several of the Zfp genes present in the Sgp3 locus are involved in the regulation of the expression of endogenous retroviruses under physiological and inflammatory conditions in mice.
The role of TLR7 and TLR9 for the development of autoimmune responses against nuclear autoantigens and retroviral gp70, both of which are implicated in murine lupus nephritis, has been established [24] [25] [26] [27] . In addition, our present results demonstrated that they are also involved in the enhanced production of nephritogenic gp70 antigens during the course of SLE, possibly through the activation of monocytes/macrophages in response to DNA-or RNA-containing IgG IC. Thus, TLR7 and TLR9 display dual effects on the development of SLE. On one hand, they promote autoimmune responses against nuclear and retroviral antigens through the activation of autoreactive B cells as well as dendritic cells, and on the other hand, they enhance the production of serum gp70 in the presence of the Sgp loci, thereby providing an additional source for antigenic stimulation and for nephritogenic IC formation. Increased levels of serum gp70 during the course of SLE, in association with increases in serum levels of gp70 IC and accelerated development of lupus nephritis, have previously been demonstrated in lupus-prone BXSB mice [46] . The contribution of TLR7 to the production of anti-gp70 antibodies also suggests the implication of endogenous retroviruses in murine SLE. The eventual identification of the Sgp genes will help elucidate a molecular basis responsible for the expression of endogenous retroviruses implicated in murine SLE, and will enable us to address the relevance of their human counterparts, thus providing a clue for the potential role of endogenous retroviruses in human SLE.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Semi-quantitative RT-PCR analysis for WT, D1 and D2 mPT env RNAs in NZB and BXSB mice. Semi-quantitative RT-PCR analysis for WT, D1 and D2 mPT env RNAs with reverse primers specific for the three different mPT env genes (mPT1447R, D1-R and D2-R) and a common forward mPT-specific primer (mPT858F) was carried out with 4-fold serially diluted cDNAs from 2-3 mo-old female mice. As a control, the abundance of GAPDH mRNA was assessed in parallel. For the analysis of WT mPT env transcripts in NZB and BXSB mice, the first dilution of cDNA was 1:40, and four serial dilutions of cDNAs were examined, while for D1/D2 mPT env RNAs and GAPDH mRNA the first dilution was 1:10.
Intensities of different RT-PCR products at each dilution of cDNAs, expressed as arbitrary units, are given in Table S1 . Representative results of three individual mice analyzed are shown. Quantitative real-time RT-PCR analysis of D1 mPT env RNA in livers of NZB mice injected with 1V136, CpG, IL-1β, IL-6, TNFα, IFNβ or PBS. Levels of D1 mPT env RNA (mean ± SEM of 4 mice) in livers of 2-3 mo-old NZB female mice 9 h after an i.p. injection of different stimulators or PBS were quantified relative to a standard curve generated with serial dilutions of a reference cDNA preparation and normalized using TBP mRNA. Results are expressed as fold increases of D1 mPT env RNA relative to PBS-injected NZB mice. P value of comparison with PBS-injected mice. * P < 0.05; ** P < 0.01; *** P < 0.0001 Table 1 Serum levels of gp70 in NZB mice injected with 1V13, CpG or LPS .00 ± 0.04 1.00 ± 0.14 1.00 ± 0.14 1.00 ± 0.19
Levels of gp70 RNAs and haptoglobin mRNA (mean ± SD of 4 mice) in livers of 2-3 mo-old NZB female mice 9 h after an i.p. injection of 1V136 (50 μg), CpG (50 μg), LPS (25 μg) or PBS were quantified relative to a standard curve generated with serial dilutions of a reference cDNA preparation and normalized using TBP mRNA. Results are expressed as fold increases of each transcript relative to PBS-injected NZB mice. Levels of gp70 RNAs and haptoglobin mRNA (mean ± SD of 4 mice) in livers of 2-3 mo-old NZB female mice 9 h after an i.p. injection of IL-lβ (1 μg), IL-6 (5 μg), TNFα (5 μg), IFNβ (5 μg) or PBS were quantified relative to a standard curve generated with serial dilutions of a reference cDNA preparation and normalized using TBP mRNA. Results are expressed as fold increases of each transcript relative to PBS-injected NZB mice. Table 6 Fold increases of Dl and D2 mPT env RNAs in livers of NZB, BXSB, B6.Sgp3 and B6 mice injected with LPS relative to those in PBS-injected mice 1.00 ± 0.10 a Levels of total (WT, Dl and D2), Dl and D2 mPT env RNAs (mean ± SD of 4 mice) in livers of 2-3 mo-old NZB, BXSB, B6.Sgp3 or B6 female mice 9 h after an i.p. injection of different stimulators or PBS were quantified relative to a standard curve generated with serial dilutions of a reference cDNA preparation and normalized using TBP mRNA. Results are expressed as fold increases of each transcript relative to PBS-injected NZB, BXSB, B6.Sgp3 or B6 mice.
b P value of comparison between LPS-and PBS-injected mice. * P < 0.01 ** P < 0.005 *** P < 0.0005 **** P < 0.0001 c Not detectable.
